Introduction
As the pre-eminent U-Pb geochronometer, zircon plays a key role in crustal evolution studies. Recent analytical advances permit inves-tigation of complex zircon grains at high spatial resolution, where the goal is to link U-Pb ages to other geochemical information, such as Hf isotopic composition. Thus zircon can provide time-stamped 'snapshots' of Hf isotope signatures of magmas throughout Earth's history, even at the scale of individual growth zones within a single grain. This information is an invaluable help to geochemists try-ing to distinguish magmatic events that added new mantle-derived ma-terial to the continental crust from those that recycled existing crust (e.g., Scherer et al., 2007; Siebel and Chen, 2010) . Hence, during the last decade detrital zircon has been used intensively to study the mechanisms of growth and recycling of continental crust through time (Hawkesworth et al., 2010 and references therein). Kemp et al. (2006) reported the first study combining hafnium and oxygen isotopes measured in situ on the same, precisely dated, detrital zircon grains. Their study of metasediments from the Ordovi-cian accretionary system at the Pacific margin of eastern Australia showed that crustal growth was fundamentally episodic and con-fined to two major pulses at 1.9 and 3.3 Ga. In contrast, zircon crystallized corresponding to the most prominent detrital peaks at ca. 500 Ma registered magmatic episodes related to crustal reworking and stabilization, rather than the generation of new continental crust.
Until now the most commonly accepted idea for petrogenesis in the Gondwana margin magmatic arcs of the Sierras Pampeanas has been based on whole-rock Nd and Sr isotope data and involves a major contribution of crustal material in the Early Ordovician gran-ites of the Famatinian belt (Pankhurst et al., , 2000 Dahlquist et al., 2008 ) and a variable juvenile contribution during the A-type Carboniferous magmatism (Dahlquist et al., 2010; Alasino et al., 2012) .
in central Chile and the Guarguaráz complex in Western Argentina (29°-36° L.S.). According to these authors the Famatinian granites were originated by recycling of mainly Mesoproterozoic crust. In contrast, zircons from Carboniferous igneous sources reflect either crustal contamination of juvenile parent magmas or, more likely, recycling of more juvenile crustal material (Willner et al., 2008) .
In this article we report in situ U-Pb and Hf isotope data from zircons and whole-rock Sm/Nd data from Ordovician, Devonian, and Carboniferous host granites in order to evaluate their origin and so develop more detailed geodynamic models for the generation and evolution of the crust in the proto-Andean margin of Gondwana during the three main Palaeozoic magmatic events known in the Sierras Pampeanas of NW Argentina.
Regional setting
The proto-Andean margin of Gondwana is a good example of an accretionary orogen that has been active from at least the Early Ordovician to the present (Cawood, 2005) , leading to the formation of different plutonic rocks during the Palaeozoic. Geochronological data and their interpretation in terms of major magmatic episodes allow the recognition of four main granitoid groups in the Eastern Sierras Pampeanas of NW Argentina ( Fig. 1 ): Early Cambrian (Pampean), Early-Middle Ordovician (Famatinian), Middle-Late Devonian (Achalian) and Early Carboniferous. We have studied granitic rocks from the last three of these groups. Famatinian granitoids are typical calc-alkaline granites, formed in an active continental margin; those emplaced during the Achalian and Early Carboniferous events have dominantly A-type signatures.
The Famatinian arc ( Fig. 1 ) is widely accepted to have been constructed on continental crust Dahlquist and Galindo, 2004; Miller and Söllner, 2005; Dahlquist et al., 2008; Grosse et al., 2011) . In the Famatinian magmatic belt of the Sierras Pampeanas, Pankhurst et al. (2000) identified three distinct granite-types: dominant I-type, S-type, and small-scale tonalitetrondhjemite-granodiorite (TTG) type (confined to the Sierras de Córdoba, see fig. 1 of Pankhurst et al., 2000) . These three granite types can be distinguished petrologically, geochemically, and spatially, al-though all were emplaced within the 484-463 Ma interval (see also Dahlquist et al., 2008) . Detailed petrological and geochemical studies of these rocks are given by Rapela et al. (1990) , Aceñolaza et al. (1996) , Saavedra et al. (1998) , Pankhurst et al. ( , 2000 , Dahlquist and Galindo (2004) , Miller and Söllner (2005) , Dahlquist (2002) , Dahlquist et al. (2005 Dahlquist et al. ( , 2007 Dahlquist et al. ( , 2008 , Ducea et al. (2010) , Grosse et al. (2011 ), andOtamendi et al. (2012 .
The widespread Famatinian magmatism yielded extensive I-type intrusions (mostly tonalite, granodiorite and minor monzogranite and gabbro) with ε Ndt =−3 to−6 (datafrom Pankhurstetal., 1998 Pankhurstetal., , 2000 Dahlquist and Galindo, 2004; Dahlquist et al., 2008; Grosse et al., 2011) and ε Ndt =−3 to−9 for intermediate and felsic granitic units (Otamendi et al., 2012) . Most of the gabbros in Sierra de Valle Fértil (Fig. 1 ) have negative ε Ndt values ranging from −2.4 to − 5.1. Only two analyzed gabbros reached more radiogenic values of ε Ndt (+ 0.25 and +0.9, Otamendi et al., 2009, 2012) , and subor-dinate small-scale isolated Ordovician plutons of Na-rich granite located in the Pampean belt foreland (TTG suites) have ε Ndt =+ 1.6 to −0.2. Most of the Famatinian granitic rocks have T DM model ages between 1.7 and 1.5 Ga (data from Pankhurstetal., 1998 Pankhurstetal., , 2000 Dahlquist and Galindo, 2004; Dahlquist et al., 2008) and Nd isotopic signatures suggesting derivation from a composite Palaeo-Mesoproterozoic lithospheric section that included lower and upper crustal sources as well as the sub-lithospheric mantle. Thus, it is usually argued that the Famatinian magmatic arc reworked old lithospheric sources, with little addition of juvenile material (Pankhurst et al., 2000; Dahlquist et al., 2008; Rapela et al., 2008a and references therein). Dahlquist et al. (2008) concluded that: (i) the Famatinian magmatism was brief (~484 to ~ 463 Ma, see also Pankhurst et al., 2000) , in contrast to the long-lived Mesozoic-Cenozoic cordilleran magmatism of the Andes; and (ii) the Early to mid-Ordovician development of ensialic marine basins was synchronous with the emplacement of voluminous lithosphere-derived magmatism in the central region of the Famatinian orogenic belt, in strong contrast with the Andean-type model for the production of magmas (Dahlquist and Galindo, 2004; Rapela et al., 2008a) . This magmatism was completely extinguished during the mid-Ordovician and the marine sedimenta-ry basins closed in the early Late Ordovician.
TheLomadelas Chacras ) is a distinctive small circular outcrop that includes Ordovician felsic kyanite-garnet migmatite gneisses and garnet amphibolites, tectonically separated from the rest of the Sierra de Valle Fértil (Fig.  1) . The amphibolites represent swarms of former dykes, some several meters thick, transported into parallelism with the foliation of the host migmatite. The Loma de Las Chacras amphibolites have positive ε Ndt ranging from +1.8 to +4.8 (Casquetetal.,2012) , suggesting a juvenile ma-terial contribution (see discussion in Section 6.1).
The ca. 2500 km 2 Achala batholith in the Sierras de Córdoba ( Fig.   1 ) was emplaced during the upper Middle-to-Late Devonian: 368±25 Ma U-Pb zircon, Dorais et al. (1997) and 379±4 and 369±3 Ma U-Pb SHRIMP zircon, Rapela et al. (2008b) (Fig. 1) . It is the largest of a series of intrusive granitic bodies in the Sierras Pampeanas that are conspicuously discordant to structures and rocks formed during the Cambrian (Pampean) and Ordovician (Famatinian) metamorphic events. Contact aureoles indicate shal-low emplacement, usually less than 2 kbar (e.g., Baldo, 1992; Pinotti et al., 2002) . Rapela et al. (2008b) concluded that the Achala batholith has an A-type signature. Sims et al. (1998) , Stuart-Smith et al. (1999 ),andSiegesmund et al. (2004 considered the volumi-nous Devonian intrusive rocks in the Sierras de Córdoba and the eastern area of the Sierras de San Luis to have been emplaced during compression associated with Late Devonian low-grade shear zones, together defining the Achalian orogeny (Middle-to-Late Devonian). According to this interpretation the Devonian granites, such as the Achala (Sims et al., 1998) and Cerro Áspero batholiths in Sierra de Córdoba (e.g., Pinotti et al., 2002 Pinotti et al., , 2006 , and the Las Chacras and Renca (Stuart-Smith et al., 1999) bath-oliths in Sierra de San Luis ( Fig. 1) , are not post-orogenic intrusions of the Famatinian Orogeny as proposed by , but belong to a distinct tectonomagmatic event. The Late De-vonian compressional event is controversial and has been related to:(i) collision of the suggested Chilenia terrane with the proto-Pacific margin (Willner et al., 2011), (ii) final collision between the Famatinian magmatic arc and the Pampean hinterland (Höckenreiner et al., 2003) and, recently, (iii) push-pull tectonic switching episodes during Devonian and Carboniferous time, resulting from flat-slab/roll-back subduction along the Pacific margin . The A-type geochemical signature of the Achala batholith (Rapela et al., 2008b ) strongly suggests intacratonic magmatism in a dominantly extensional regime with subsequent lithospheric thinning (Early-Middle Devonian?), followed by Late Devonian horizontal shortening and Early Carboniferous lithospheric stretching (see tectonic switching model of Collins, 2002) .
In Carboniferous times, isolated and dispersed granitic plutons with anorogenic signatures were emplaced along more than 1000 km in the Sierras Pampeanas of NW Argentina (see Dahlquist et al., 2010, fig. 1 ). They are represented by small and scattered plutons, usually subcircular, intruded mainly along prominent shear zones (Dahlquist et al., 2010) . Host rocks to this Carboniferous magmatism were formed during three main periods of magmatic and metamorphic activity: Middle Cambrian (Pampean orogeny), Early-Middle Ordovician (Famatinian orogeny), and Middle-Late Devonian (Achalian event) (Pankhurst et al., , 2000 Sims et al., 1998; Dahlquist et al., 2008; Rapela et al., 2008a Rapela et al., , 2008b Vaughan and Pankhurst, 2008; Spagnuolo et al., 2012; Tohver et al., 2012) .
The geodynamic setting of the Carboniferous magmatism remains controversial. Some authors have suggested that it resulted from crustal reheating as the final phase of a protracted Famatinian orogeny extending from the Ordovician to Early Carboniferous (e.g., Grissom et al., 1998; Llambías et al., 1998; Höckenreiner et al., 2003; Grosse et al., 2009 Middle-Late Devonian (Achala batholith) and Early Carboniferous A-type granites. The La Chinchilla stock outcrop is magnified so that it can be seen (for details see Grosse et al., 2009;  fig. 1 ). Coupled in situ U-Pb ages and Hf isotope data for zircons and whole-rock Sm/Nd data are included. Sources: *U-Pb zircon SHRIMP (Pankhurst et al., 2000) ; #U-Pb monazite TIMS (Grosse et al., 2009) ; †N.D. = not determined; §U-Pb zircon SHRIMP ; **U-Pb zircon SHRIMP (Rapela et al., 2008b) , otherwise data reported in this paper. Inset: schematic map of South America showing the location of Sierras Pampeanas in Argentina.
2004; Dahlquist et al., 2006; Rapela et al., 2008b) . Recently, Dahlquist et al. (2010) claimed that the Early Carboniferous A-type granites of the Eastern Sierras Pampeanas represent a tectonothermal event distinct from both Famatinian and Achalian magmatism. Field and geochemical data for this particular granite group are indicative of a distinctive extensional within-plate magmatic setting where compressive tectonic activity is absent (Dahlquist et al., 2010) .
In summary, Devonian and Carboniferous magmatism would have been developed in an intracratonic orogen related to continen-tal margin subduction according to the definition of Cawood et al.(2009) . Current interpretations (e.g., Alasino et al., 2012) suggest that both magmatic events were linked to tectonic switching episodesonanactivePacific margin.
Analytical methods

Geochronology
Samples chosen for U-Pb zircon geochronology were prepared and analyzed at the School of Earth and Environmental Sciences (SEES), Washington State University (WSU). Samples were crushed and pulverized using a jaw crusher and disk mill followed by heavy mineral concentration using a Gemini table. Additional density sepa-ration was carried out using methylene iodide and magnetic separa-tion using a Franz magnetic separator. Zircons (>90% pure) were mounted in epoxy within 2.5 cm diameter rings, polished to expose zircon interiors, and imaged with a Scanning Electron Microscope in cathode-luminescence (CL) mode at the University of Idaho.
All LA-ICP-MS U-Pb analyses were conducted at Washington State University using a New Wave Nd:YAG UV 213-nm laser coupled to a ThermoFinnigan Element 2 single collector, double-focusing, magnetic sector ICP-MS. Operating procedures and parameters are discussed in greater depth by Chang et al. (2006) and Gaschnig et al. (2010) and are only briefly outlined here. Laser spot size and repetition rate were 30 μm and 10 Hz, respectively. He and Ar carrier gases deliv-ered the sample aerosol to the plasma. Time-independent (or static) fractionation is the largest source of uncertainty in LA-ICP-MS U-Pb geochronology and results from mass and elemental static fractionation in the plasma and also poorly understood laser-matrix effects (Kosler and Sylvester, 2003) . It is corrected by normalizing U/Pb and Pb/Pb ratios of the unknowns to the zircon standards (Chang et al., 2006) . For this study we used two zircon standards: Peixe, with an age of 564 Ma (Dickinson and Gehrels, 2003) , and FC-1, with an age of 1099 Ma (Paces and Miller, 1993) .
Results are summarized in Table 1 and full data are given in Sup-plementary Table 1 .
Hf isotope analysis
In-situ LA-MC-ICP-MS Hf isotope analyses were conducted at WSU using a New Wave 213 nm UP Nd:YAG laser coupled to a ThermoFinnigan Neptune MC-ICP-MS with 9 Faraday collectors. The laser was operated at a pulse rate of 10 Hz and power density of 10-12 J/cm 2 with a spot size of 40 μm, except in a few cases where smaller grains and narrower zones required a smaller spot size of 30 μm. The carrier gas consisted of purified He with small quantities of N 2 to minimize oxide formation and increase sensitivi-ty. Analyses consisted of 60 onesecond measurements in static mode. Yb were then used to calculate the Hf isotopic composition of the unknowns. Table 1 Integrated in situ U-Pb and Hf isotopes in zircon and whole-rock and isotopes data for the studied rocks (see Fig. 1 Note: compilation of data from Tables 2 and 3 . VMA-1018 is not available for Sm/Nd determinations. VEL-6017 defines two Hf compositions populations (see Table 2 ). a U-Pb zircon LA-ICP-MS, this work. b U-Pb zircon SHRIMP (Pankhurst et al., 2000; Dahlquist et al., 2008) . c t=473, data from Table 3 Due to the difficulty in correcting for the Yb interference and other sources of error such as instrumental bias and matrix effects, the internal measurement error by itself is often considerably less than the total uncertainty, which is often difficult to estimate. (Söderlund et al., 2004; Scherer et al., 2007) (Vervoort and Blichert-Toft, 1999) . Results are summarized in Table 1 and full data are given in Table 2 and Supplemen-tary Table 2 .
Sm-Nd isotope analysis
Sm-Nd determinations of representative dated granitic samples with Hf isotope zircon data were carried out at Washington State University. For Nd whole-rock isotopic analyses, ~0.25 g aliquots of wholerock powders were dissolved at high pressure in sealed, steel-jacketed Teflon bombs with a 10:1 mixture of concentrated HF and HNO 3 acids at 150 °C for 5 to 7 days. After conversion from fluo-rides to chlorides, samples were spiked with a mixed 149 Sm-150 Nd tracer. LREE were initially separated on cation exchange columns using AG 50W-X8 (200-400 mesh) resins; Nd and Sm were then sep-arated from the LREE aliquot on columns with HDEHP-coated Teflon powder and HCl (Vervoort and Blichert-Toft, 1999 Sm= 0.56081, respectively. Nd analyses were normalized to the Ames and La Jolla Nd standards.
The uncertainties on Nd isotopic measurements reflect in-run error only and are presented as two standard errors as reported by Bouvier et al. (2008, CHUR=0.1967 (Jacobsen and Wasserburg, 1980; Goldstein et al., 1984) . T DM was calculated according to DePaolo et al.(1991) .
The results are reported in Table 3 , together with published (and in some cases recalculated) data for other samples selected for Nd isotope analysis, as well as representative equivalent samples from the same igneous bodies.
Geochemistry
Whole-rock major elements were determined for three igneous samples at the Washington State University GeoAnalytical Lab, using a ThermoARL sequential X-ray fluorescence spectrometer, following the procedure described by Johnson et al. (1999) .Trace elements were determined in the same samples using ICP-MS, following the procedure described in http://www.sees.wsu.edu/Geolab/ note/icpms.html.
Additionally, whole-rock major and trace element compositions for two samples were determined at Activation Laboratories, Ontario, Canada (ACTLABS), following the 4-Lithoresearch procedure. Following lithium metaborate/tetraborate fusion, samples are dissolved in a weak nitric acid solution. Major elements, Be, Sc, V, Sr, Ba, and Zr are determined by Inductively Couple Plasma-Optical Emission Spectroscopy (ICP-OES). All other trace elements are determined by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). For major elements, precision and accuracy are generally better than 2% (relative). For trace elements, precision and accuracy are general-ly better than ±6% for all elements determined at 10 times above background. Full data are given in Supplementary Table 3 .
U-Pb geochronology
We investigated granitic rock samples that could be clearly assigned to each of the three age groups (i.e., Early-Middle Ordovician, Middle-Late Devonian, and Early Carboniferous), based on previously published SHRIMP U-Pb zircon age data. New U-Pb zircon ages were determined using LA-ICP-MS measured in situ on the same, precisely dated magmatic zircon grains. In a few cases LA-ICP-MS dating was carried out on zircon concentrates already an-alyzed by SHRIMP; these resulted in ages that agreed within statisti-cal uncertainties. Our new U-Pb zircon LA-ICP-MS ages from granitic rocks of the Achala batholith also confirm the Middle-Late Devonian ages previously reported for other granitic rocks of this batholith (Dorais et al., 1997; Rapela et al., 2008b) . For the Zapata granitic complex only K-Ar ages on biotite were available (323-316 Ma; McBride, 1972; McBride et al., 1976) ; our new U-Pb zircon LA-ICP-MS data indicate a crystallization age of 340±2 Ma.
Sample locations as well as the ages are summarized in Table 1 Ducea et al., 2010) , and inherited zircons with Ordovician ages have been reported from Carboniferous plutons by Grosse et al.(2009) and Fogliata et al. (2012) . Whole-rock chemistry of the rocks with Hf and Nd isotope data is reported in Supplementary Table 3 . Chemical data are not discussed here, but they are included as com-plementary information for those rocks with Hf and Nd isotope data. The ε Hft values for magmatic zircons are plotted as a function of the corresponding whole-rock Nd isotope composition at the time of crystallization (ε Ndt ) and also as a function of crystallization age (Tables 2, 3 and Fig. 2) . As in the general study reported by Kemp et al. (2007) , an important feature of the Hf isotope data is the signif-icant range of ε Hft values exhibited by zircons within the same sam-ple (up to 10 ε units). Large scatter of the Hf isotope is well known because zircon can crystallize sufficiently early and retain vestiges of the original Hf isotope signature (Kemp et al., 2007) . Such varia-tions can be reconciled by changing the 176 Hf/ 177 Hf ratio of the Table 2 Laser ablation Hf isotope data for igneous dated zircons from Sierras Pampeanas of Argentina (location of samples in Fig. 1 Table 2) are taken into account in this study because they could represent variability in the main magma source (e.g., juvenile material contribution, deep metasediments, pre-existing crystalline basement) or contaminants (e.g., upper crustal wall-rocks).
Early-Middle Ordovician magmatism
The Early-Middle Ordovician magmatism is by far the most voluminous of the Sierras Pampeanas (Fig. 1) and is thus highly significant for crustal evolution in this region. These granitic rocks are calcalkaline (composition in Supplementary Pankhurst et al. ( , 2000 and Dahlquist et al. (2008 Dahlquist et al. ( , 2010 . ANC-11030a from Dahlquist et al. (2012) , Early Carboniferous data from Dahlquist et al. (2010) , and Middle-Late Devonian data from this work, excepting ACH-5, ACH-15, ACH-23, and ACH-25 (Rapela et al., 2008b) . 2. The decay constants used in the calculations are the values λ 147 Sm=6.54×10 −12 year −1 recommended by the IUGS Subcommision for Geochronology (Steiger and Jäger, 1977) . Epsilon-Nd (εNd) values calculated using the following CHUR parameters (Jacobsen and Wasserburg, 1980; Goldstein et al., 1984) range from −3.3 to −14.2 and −3.3 to −6.3, respectively, with average T DM Hf and T DM Nd values ranging from 1.5 to 2.2 Ga and 1.4 to 1.7 Ga, respectively (Tables 1-3 and Fig. 2) . Sample FAM-7086, in par-ticular, has a very low zircon ε Hft average of −14.2 and a wholerock ε Ndt value of −5.9 (Table 3 ). The most mafic rock (SVF-577 with SiO 2 = 42.6%) has negative Hf and Nd isotope compositions with an ε Hft average of −5.7 and a whole-rock ε Ndt value of −5.4 (Tables 2 and 3 ). The few extreme values observed in the samples ANC-11030a, FAM-7086, and SVF-577 are reported in Supplementary Table 2 and discussed in Section 6.
Middle-Late Devonian magmatism
During the Middle-Late Devonian, magmatism was developed in a foreland position away from the orogenic front in the west (Fig. 1) . F-U-REE rich A-type granites formed at this time (composition in Supplementary Table 3 Table 2 ).
Early Carboniferous magmatism
The Early Carboniferous A-type granites (composition in Supple-mentary Table 3 ) have ε Hft and ε Ndt values ranging from −6.7 to+2.6 and −0.5 to −3.6, respectively (Tables 1-3 The dominantly negative zircon ε Hft from the hornblendebearing gabbro SVF-577 reported in this work also indicates an old litho-spheric source. Since early-crystallizing zircon would retain the orig-inal isotope signature of the parental melt (e.g., Kemp et al., 2007) , the absence of juvenile material in all analyzed zircons strongly sup-ports magma derivation from the continental lithosphere (Fig. 3a) .
Based on U-Pb SHRIMP detrital zircon dating and P-T conditions of metamorphism of high-grade migmatitic gneisses from the Loma de Las Chacras (Fig. 1) Age average (341 Ma) was obtained from ages reported in Table 1 . Otamendi et al., 2012) . Hence, they conclude that the juvenile material was injected into buried sediments outboard of the magmatic arc.
Middle-Late Devonian magmatism
Hf and Nd data from the Achala granites suggest that these A-type granitic magmas were also largely derived from the recycling of old crustal rocks (Fig. 2) . Consistent with this conclusion are the zircon age patterns of porphyritic granites reported by Rapela et al.(2008b) , which show inherited components commonly found in the Cambrian metasedimentary country rocks of the batholith and therefore are likely a source component for these granites. However, Rapela et al. (2008b) have suggested the Achalian granites cannot be entirely derived from a Pampean basement source, since the Nd iso-topic composition of the basement is well bracketed within an even more 'crustal' isotopic range (ε Nd520 = −4.5 to −7.5; Rapela et al., 2008b) . Rapela et al. (2008b, data listed in Table 3 ) reported similar ε Ndt (−4.0) for monzogranites from the same batholith. They found rather more radiogenic Nd in small tonalite and leucogranites bodies (ε Ndt = −1.2 to −1.9, mean= −1.6, and ε Ndt = −1.1 to −1.4, re-spectively). However, these minor intrusions could represent a more juvenile magma ascending through hypothetical local con-duits, although further studies are required to test this hypothesis.
As noted by Nelson (1992) ,highabundances of P 2 O 5 (up to 3.3 wt.%) and of volatiles such as F (up to 1%) could be readily explained by the involvement of sediment in the source. Achala granites have biotite with very high F content (mean= 2.1%); they bear unusual enclaves characterized by 89-93% biotite with high FeO/MgO ratios (mean 3.1) and 7-11% apatite with high F contents (mean 3.5%); and they have abundant zircon and monazite together with scarce oxides as accessory minerals (data from Dorais et al., 1997) . The modal mineralogy produces unusual bulk-rock composi-tions, including enhanced P 2 O 5 = 5.4 wt.%, F ~ 6-7 wt.%, and very high U= 181 ppm, Zr (2581 ppm) and ΣREEs=4500 ppm contents (see NPE-10 sample in Supplementary Table 3 ). The ε Hft and ε Ndt data reported here strongly suggest a dominant older crustal compo-nent, and a scenario similar to that shown in Fig. 3b is assumed for the generation of A-type magmas during the Middle-Late Devonian. Significantly more negative values of ε Hft were observed in sample ACH-140 (Supplementary Table 2) , suggesting contamination by much older metasediments at depth. We have therefore incorporat-ed a petrogenetic scenario involving sediment contamination (Fig. 3b ) following the geodynamic model discussed by Alasino et al. (2012) for the Late Paleozoic.
6.3. Early Carboniferous magmatism Grosse et al. (2009) and Fogliata et al. (2012) reported the presence of zircons with Carboniferous crystallization ages in granites containing inherited zircon with Ordovician ages, and consequently invoked significant participation of Ordovician meta-granitoids in the source of the Early Carboniferous A-type granites. However, the Carboniferous magmas could not have been entirely derived by remelting of the Ordovician granites because their ε Ndt values are less negative (+0.6 to −4.8 at 323 to 354 Ma) than those of the Famatinian granitoids of 320-360 Ma (−4.8 to −8.5, Dahlquist et al., 2010 ;see also Grosse et al., 2009 ). Thus, the additional participa-tion of an asthenospheric component is required to satisfy the ε Ndt and ε Hft values calculated for the Early Carboniferous granitoids. Re-cently, concluded that the Carboniferous granit-ic rocks overall show west-to-east mineralogical and isotopic regional zonation indicating that magma genesis involved a greater contribution of juvenile material of mantle character towards the west. The felsic-to-intermediate component in a mixture is likely to dominate the Sm-Nd composition of the resultant magma due to its higher Sm and Nd contents. As reported by Kemp et al. (2007) , when supracrustal material is reworked by juvenile magmas the Nd isotope ratios of the resulting bulk magma can camouflage the ju-venile component. Conversely, the zircon can crystallize sufficiently early to retain vestiges of the original isotope signature. Kemp et al.(2007) concluded that mafic magmasintheLachlanFold Belt(SE Australia) were subsequently modified by strong crustal contamina-tion, as is evident in the spread of zircon ε Hft and δO 18 values in the Why Worry basalt (ε Hft values ranging from ca. −8 to+6),but zircon crystallized sufficiently early and retained vestiges of the orig-inal (juvenile) isotope signature. Thus, the zircon Hf data can be considered more robust in constraining the source of the Early Carboniferous A-type magmas. The ε Hft values reported here are consistent with the conclusions of Alasino et al. (2012) implying continental growth by addition of juvenile material in a foreland re-gion, in particular for the Cerro La Gloria pluton with ε Hft =+2.6 ( Fig. 1 and Table 2 ). Thus, a petrogenetic model invoking interaction between crust of hypothetical Ordovician and Mesoproterozoic ages and juvenile magmas could be applied to the generation of Eastern Fig. 3 . Possible schematic geodynamic scenario for magma generation in the proto-Andean margin of Gondwana between 32° and 26°S during the Paleozoic (see Fig. 1 ). Cartoon of the standard profile of the continental crust, modified from Wedepohl (1995) . Generalized location for each magmatic event in Sierras Pampeanas magmas during the Early Carboniferous (Fig. 3c) . The presence of sediment in the source of the Early Carboniferous granites was invoked by Alasino et al. (2012) to explain anomalously high concentrations of some trace elements. These authors indicate that the juvenile contribution to the Carboniferous magmatism could be explained by detachment of the lithosphere. We have therefore incorporated a petrogenetic scenario involving sediment contamination and detachment of the lithosphere in our geodynamic model shown in Fig. 3c. 6.4. Previous U-Pb and Lu-Hf isotope studies of the protoAndean margin of Gondwana
In recent years several studies have presented LA-ICP-MS U-Pb ages and Hf-isotope data for detrital zircons from Paleozoic metasediments of the accretionary systems on the western margin of South America (Chile, Peru, and Bolivia), in order to trace the evolution of continental crust on the proto-Andean margin of Gondwana (e.g., Willner et al., 2008; Bahlburg et al., 2009; Reimann et al., 2010 and references therein). In particular, the crustal evolution of the region studied here was assessed by Willner et al. (2008) and Bahlburg et al. (2009) using data for detrital zircon in Late Paleozoic coastal accretionary systems in central Chile and the Guarguaráz complex in W Argentina (29°-36° L.S.). Several of our conclusions are consistent with theirs, confirming earlier Nd isotope evidence (e.g., Pankhurst et al., 2000; Dahlquist et al., 2008 and references therein) that the Famatinian granites originated by recycling mainly Mesoproterozoic crust, whereas zircons from Carboniferous igneous sources reflect ei-ther crustal contamination of juvenile parent magmas or, more likely, recycling of more juvenile crustal material (Willner et al., 2008; Alasino et al., 2012) . Miskovic and Schaltegger (2009) carried out extensive geochemical characterization and an in situ U-Pb and Lu-Hf isotopic study of igneous zircon from granitoid batholiths that form the backbone of the Eastern Cordillera of Peru. Studied granitoids associated with phases of regional compressive tectonism correspond to mean initial ε Hft values of −6.7, −2.4, −1.6 for the Ordovician (Famatinian), CarboniferousPermian and Late Triassic respectively, suggesting a minimum crustal contribution of between 40% and 74% by mass. Re-markably, positive ε Hft values are absent in Famatinian granitoids and are reported only for Carboniferous-Permian magmatism.
In Argentina, previous U-Pb and Hf determinations on magmatic zircons from small outcrops of Famatinian meta-igneous rocks in La Pampa province (U-Pb zircon SHRIMP ages ranging from ca. 476 to 466 Ma) reveal similar results to those presented here, with negative ε Hft values from −3.6 to −5.0 and average Lu-Hf two stages model ages of ca. 1.7 Ga (Chernicoff et al., 2010) .
Conclusions
The data presented here confirm previous work indicating that the Early-Middle Ordovician magmas of the Famatinian arc were largely derived by melting of pre-existing old crustal rocks, without evident participation of the asthenospheric mantle. As noted above, the EarlyMiddle Ordovician magmatism is by far the most voluminous magmatism in the Sierras Pampeanas and represents the main magmatic event in the crustal development of this region of the protoAndean margin of Gondwana. The Middle-Late Devonian magmas resulted from reworking of supracrustal material in a fore-land region, whereas the Early Carboniferous magmas resulted in part from reworking of supracrustal material in a largely cratonized region, but with variable contribution of juvenile magmas.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.gr.2012.08.013.
